The rate of protein evolution is generally thought to reflect, at least in part, the proportion of amino acids within the protein that are needed for proper function. In the case of ADP-glucose pyrophosphorylase (AGPase), this premise led to the hypothesis that, because the AGPase small subunit is more conserved compared with the large subunit, a higher proportion of the amino acids of the small subunit are required for enzyme activity compared with the large subunit. Evolutionary analysis indicates that the AGPase small subunit has been subject to more intense purifying selection than the large subunit in the angiosperms. However, random mutagenesis and expression of the maize (Zea mays) endosperm AGPase in bacteria show that the two AGPase subunits are equally predisposed to enzyme activity-altering amino acid changes when expressed in one environment with a single complementary subunit. As an alternative hypothesis, we suggest that the small subunit exhibits more evolutionary constraints in planta than does the large subunit because it is less tissue specific and thus must form functional enzyme complexes with different large subunits. Independent approaches provide data consistent with this alternative hypothesis.
INTRODUCTION
DNA and protein sequence conservation is the foundation for the fields of comparative genomics and molecular evolution. In fact, sequence conservation over evolutionary time has long been assumed to depend on the importance of the gene in question for the fitness of the organism. The overall rate of amino acid substitution of a protein is generally thought to depend on the proportion of amino acids necessary for proper function and the phenotypic impact of mutations (Dickerson, 1971; Zuckerkandl, 1976; Wilson et al., 1977; Kimura, 1983; Nei, 1987; Li, 1997) . However, the relationship between fitness effects (revealed by mutant phenotypes) and sequence conservation is complex, and exceptionally conserved proteins encoded by genes with mild mutant phenotypes are well known (Braun et al., 1996) .
The nature of the relationship between protein sequence conservation and fitness has attracted considerable interest. The expected negative correlation between protein dispensability (viability of mutants with a knockout in the gene encoding the protein) and sequence conservation was found in some studies (Hirsh and Fraser, 2001; Jordan et al., 2002; Liao et al., 2006) , while other studies were either unable to support this correlation or found that it was weak after controlling for other factors (Hurst and Smith, 1999; Rocha and Danchin, 2004) . Conservation has also been linked to protein structure (Bloom et al., 2006) , protein expression level (Pal et al., 2001; Drummond et al., 2005) , tissue specificity (Duret and Mouchiroud, 2000; Akashi, 2001; Wright et al., 2004) , gene compactness (Liao et al., 2006) , numbers of interacting proteins (Fraser et al., 2002) , and position in an interaction network (Hahn and Kern, 2005) . There have only recently been efforts to examine the contribution of each of these factors to sequence conservation in a unified framework (e.g., Wall et al., 2005; Wolf et al., 2006) .
The heterotetrameric plant enzyme ADP-glucose pyrophosphorylase (AGPase) presents an excellent system in which one can study the functional basis for protein sequence conservation, since it is composed of two identical small and two identical large subunits but the small subunit exhibits strikingly less sequence divergence. Despite the differences in the degree of sequence conservation for the small and large subunits, the subunits are clear paralogs encoded by genes arising from an ancient duplication. The difference in sequence conservation has led others to propose that the two subunits play vastly different roles in enzyme catalysis Ballicora et al., 2003 Ballicora et al., , 2005 Frueauf et al., 2003) .
AGPase is an allosteric enzyme that catalyzes a rate-limiting step in starch synthesis, the conversion of glucose-1-P and ATP to ADP-glucose and pyrophosphate. ADP-glucose then serves as the main if not sole precursor for starch synthesis by starch synthases (Hannah, 2005) . Angiosperm and green algal AGPases are heterotetramers consisting of two identical large and two identical small subunits. In the case of the maize (Zea mays) endosperm AGPase, the subject of this report, the large subunit is encoded by shrunken-2 (Sh2) and the small subunit by brittle-2 (Bt2) (Bae et al., 1990; Bhave et al., 1990) . SH2 and BT2 show considerable amino acid identity (43.2%) and similarity (61%) (see Supplemental Figure 1 online). They also exhibit identity to the sole subunit of the homotetrameric Escherichia coli AGPase (SH2, 24.4%, BT2, 29.0%). Gene duplication early in the evolution of the plant lineage followed by sequence divergence is the most parsimonious explanation. The two subunits are not functionally interchangeable, as shown by mutant analysis. Loss of Sh2 or Bt2 function abolishes >90% of endosperm AGPase activity (Hannah and Nelson, 1976) . Expression of each of the maize endosperm AGPase subunits separately in E. coli showed that SH2 or BT2 alone gives only 3.5 and 2.5% activity, respectively, of the heterotetramer (Burger et al., 2003) .
Small subunit proteins show striking conservation among species, while the large subunits are less conserved (SmithWhite and Preiss, 1992; see Results) . Smith-White and Preiss (1992) suggested that the small subunit has more selective constraints than does the large subunit. The idea that the small subunit has been subject to greater constraint than the large is supported by the higher percentage of identity between cyanobacterial AGPase and the small subunit . While the exact role of each subunit remains unclear, Ballicora et al. (2003 Ballicora et al. ( , 2005 , Frueauf et al. (2003) , and Greene et al. (1996) working with potato (Solanum tuberosum) tuber AGPase suggested that the two subunits have different roles in AGPase function. The small subunit has been proposed to be catalytic, while the large subunit presumably modifies the response to allosteric regulators. According to this hypothesis, this presumed specificity in roles has placed different evolutionary constraints on the two proteins. The large subunit, then, can accumulate more nondeleterious nonsynonymous mutations for AGPase activity than can the small subunit. However, the roles of each AGPase subunit in enzyme function are not clear, since each subunit has activity when expressed alone in E. coli (Iglesias et al., 1993; Burger et al., 2003) , and mutations in either subunit affect both catalytic and allosteric properties (Hannah and Nelson, 1976; Cross et al., 2004 Cross et al., , 2005 Hwang et al., 2006 Hwang et al., , 2007 . It should also be noted that the regulatory subunits of the Archaeal type H þ -ATPase and vacuolar type H þ -ATPase evolved at a slower rate compared with the catalytic subunits (Marin et al., 2001) .
Here, we show that the higher degree of sequence divergence in the large subunit can be attributed to increased evolutionary constraints on the small subunit. We performed two independent tests to determine whether the difference in evolutionary rates of the two subunits (BT2 and SH2) reflected different sensitivities of the subunits to activity-altering amino acid changes. Our results indicate that SH2 and BT2 are equally predisposed to activityaltering amino acid changes when expressed in one common environment (E. coli) with a single complementary subunit. We propose, therefore, that the AGPase small subunit has more evolutionary constraints in angiosperms than does the large subunit because it is less tissue specific, less redundant, and must form functional enzyme complexes with different large subunits. In support of this hypothesis, we show that mutant small subunit proteins often have differential effects on enzyme activity when paired with different large subunit proteins.
RESULTS

Alignment of SH2 and BT2 with Homologs
A previous study showed that the AGPase small subunit exhibits greater sequence conservation than does the large subunit (SmithWhite and Preiss, 1992) . To explore the much larger collection of AGPase sequences and update the comparison of the two AGPase subunits, we aligned all available angiosperm AGPase large and small subunits (see Supplemental Table 1 online). The hypervariable N termini of the two subunits were excluded from the alignments (Figure 1 ). These alignments showed that the average pairwise identity is 70.8% for large subunits and 91.3% for small subunits. More strikingly, 21.6% of SH2 residues and 64.1% of BT2 residues are invariant within the respective family ( Figure 1 ). It is also apparent that the large subunit is more diverse than is the small subunit throughout their sequences (Figure 1 ).
Evolutionary Constraints of the Large and Small Subunits of AGPase
To determine whether the difference in amino acid identity is due to evolutionary constraints or to the timing and pattern of gene duplication events, the overall ratio of nonsynonymous substitutions per nonsynonymous site to synonymous substitutions per synonymous site (v) for the large and the small subunit genes was calculated. To check for changes in evolutionary constraints within a gene tree that includes the large and the small AGPase subunits from angiosperms, we applied two nested likelihood models to the gene tree in Figure 2A . A model that assumes two different v values, one for the large and one for the small subunits, was favored over a model that assumes one v for both subunits by a likelihood ratio test (LRT; P < 0.001) (Felsenstein, 1981; Goldman, 1993; Yang et al., 1995; Huelsenbeck and Rannala, 1997; Hileman and Baum, 2003) . The overall v estimates were 0.087 for the large subunit and 0.032 for the small subunit ( Figure  2A ). This result indicates that the large subunit evolved under reduced purifying selection compared with the small subunit. To monitor for saturation of the rapidly accumulating synonymous substitutions that might cause bias, v values were calculated for sets of closely related isoforms within each subunit. The small subunit genes were clustered into two major groups ( Figure 2B ). Groups 1 and 2 consist of genes expressed in monocots and eudicots, respectively. The large subunit genes were clustered into five major groups ( Figure 2C ). Group 1 comprises genes expressed in monocot and eudicot leaf tissue. Group 2 includes genes expressed in eudicot source and sink tissues. Groups 3 and 4 contain genes expressed in monocot seed and eudicot sink tissues, respectively. Group 5 is composed of only two sequences whose tissue specificity has not been studied in detail. A model that assumes a different v value for each group of the small subunit was favored over a model that assumes a single v for all small subunit groups (LRT; P < 0.001). The same is true for the large subunit (LRT; P < 0.001). The v values of the large subunit groups ranged from 0.073 to 0.132 ( Figure 2C ), while BT2 and SH2 were aligned with 30 and 42 homologs, respectively. Tolerated amino acid changes created by error-prone PCR in this experiment are shown above the amino acid sequence of BT2 and SH2. Black, nonpolar; green, uncharged polar; red, basic, blue, acidic; turquoise, proline; gray box, poor alignment with homologous sequences; black box, absolutely conserved residues among homologous sequences. Evolution of ADP-Glucose Pyrophosphorylasesmall subunit groups varied from 0.027 to 0.054 ( Figure 2B ). These results indicate that mutational saturation is unlikely to have had a major impact on calculated v values and further suggest that the large subunit has been subjected to fewer constraints than has the small subunit.
Probability That a Nonsynonymous Mutation in Sh2 or Bt2 Affects Enzyme Activity Two Sh2 and two Bt2 libraries were created by error-prone PCR. The resulting sh2 and bt2 clones were expressed in E. coli strain AC70R1-504 with a wild-type complementary subunit, and 96 colonies from each of the four libraries were chosen at random. Colonies were rated as functional or nonfunctional by formation of brown-staining glycogen following exposure to iodine vapors. We expect that mutations that modify catalytic and regulatory properties, enzyme stability, and enzyme assembly would affect enzyme activity. DNA sequencing revealed the nature and position of nucleotide changes. Mutations resulting in activity loss are shown in Supplemental Table 2 online. Mutants listed are those that come from nonfunctional clones containing only a single missense mutation. Nonfunctional clones with multiple missense mutations were excluded because the causal mutation could not be determined.
The distribution of all nucleotide substitutions within Sh2 or within Bt2 is uniform for all libraries (see Supplemental Figure 2 online). The percentage of conservative missense mutations (see Methods) was 54.8% 6 6.9% and 51.3% 6 6.6% (mean 6 2 3 SE) in the Bt2 and Sh2 libraries, respectively. These percentages are not significantly different, indicating that the comparison of the robustness of Sh2 and Bt2 to missense mutations is unlikely to be biased by introduction of more conservative changes in either subunit. Clones containing indels, stop codons, or no nonsynonymous mutations were excluded from further analysis.
The probability that a nonsynonymous mutation abolishes gene function was estimated by the formula recently published by Guo et al. (2004) . It is termed the X-factor (X f ) throughout the article:
where S is the fraction of functional clones, f n is the fraction of clones having n nonsynonymous mutations, and X f is the probability that a nonsynonymous mutation in Sh2 or Bt2 reduces AGPase activity, leading to no obvious production of glycogen.
Results from the two Sh2 and Bt2 libraries are summarized in Table 1 . The X f for Bt2 is 34.02% 6 0.82% and 33.36% 6 2.27% for Sh2. These values are not statistically different. We conclude that Sh2 and Bt2 show little to no difference in robustness to nonsynonymous mutations with respect to AGPase activity when expressed in E. coli.
In these analyses, we assumed that multiple intragenic nonsynonymous mutations act independently. To test the validity of this assumption, we compared the fractions of clones having one or more nonsynonymous mutations not altering AGPase function to the expected fractions if multiple intragenic mutations act independently (see Supplemental Table 3 online). x 2 goodnessof-fit test indicates that the observed fractions are not significantly different from the expected fractions. This indicates that the assumption is valid for Sh2 and Bt2 for the mutational loads of this experiment.
Glycogen Quantitation
Since iodine staining is largely a qualitative method, the glycogen levels of Sh2 and Bt2 colonies of the second libraries were measured by a phenol reaction. This allowed us to determine the relationship between iodine staining and glycogen content. Glycogen contents were compared with the level produced by wild-type Sh2 and Bt2. Iodine staining is a reliable method for classifying clones for AGPase function ( Figure 3 ). Clones rated as nonfunctional by iodine staining produced <4% wild-type glycogen levels. There was little overlap in the glycogen content values among functional and nonfunctional clones as judged by iodine staining. The small overlap was a result of slight inaccuracies in either iodine staining or glycogen quantification. Only three ambiguous clones, producing ;3 to 5% wild-type glycogen levels, were identified. Inclusion of these clones had little effect on calculated X f values.
We asked if a relationship exists between the presence of synonymous mutations and glycogen production. Pearson correlation coefficient r is 0.039 for Bt2 and 0.043 for Sh2 (P > 0.05 for both), indicating little to no correlation between the number of synonymous mutations per clone and glycogen production. This result verifies our expectation that synonymous mutations do not affect AGPase activity in this experiment.
Glycogen quantitation also provides the opportunity to change the stringency of classification of functionality. Increasing the stringency of wild-type classification from 0 to 99% glycogen increases X f values; however, almost identical X f values for Sh2 and Bt2 are found at each stringency level (Table 2) . Hence, regardless of the stringency level imposed, Sh2 and Bt2 are equally susceptible to activity-altering synonymous mutations.
Estimating the Ratio of Nonsynonymous to Synonymous Mutations in Functional Clones
As an independent estimate of the robustness of Sh2 and Bt2 to nonsynonymous mutations affecting AGPase activity, we isolated functional clones from heavily mutagenized libraries and measured the ratio of nonsynonymous to synonymous mutations. In our previous studies, above, the ratios of nonsynonymous to synonymous mutations of randomly selected Sh2 (2.936 6 0.1037) and randomly selected Bt2 (3.0585 6 0.063) clones are not significantly different. Hence, synonymous mutations in functional clones can be used as a comparison of mutational load between Sh2 and Bt2 in this experiment. Accordingly, two additional Sh2 and two additional Bt2 heavily mutagenized libraries were created by error-prone PCR. Resulting clones were expressed in E. coli AC70R1-504, and 48 functional clones from each of the four libraries were sequenced. The number of synonymous mutations per 1000 nucleotides of Sh2 and Bt2 cDNA is 0.951 6 0.107 and 0.989 6 0.204, respectively (Table 3 ). This indicates that the average mutational frequency is the same for both genes.
The ratio of nonsynonymous to synonymous mutations is 1.188 6 0.036 for Sh2 and 1.176 6 0.006 for Bt2 (Table 3 ). These are not significantly different. This indicates that Sh2 and Bt2 are equally robust to nonsynonymous mutations with respect to AGPase activity.
Additionally, x 2 goodness-of-fit tests indicate that the distribution of functional Bt2 clones with different numbers (e.g., 0, 1, 2, 3) of nonsynonymous mutations was not significantly different from the distribution of functional clones found in Sh2 (see Supplemental Table 4 online). This result is in agreement with the conclusion that Sh2 and Bt2 do not differ in their ability to tolerate functional nonsynonymous mutations.
To summarize, two independent tests of protein robustness of the SH2 and the BT2 protein were performed. Both tests lead to the conclusion that the genes are equally predisposed to non-/ less-functional nonsynonymous mutations at least when expressed in one environment (E. coli) and in the presence of a single functional complementary subunit.
Proteins Interacting with BT2
We tested the hypothesis that relative to the large subunit the small subunit is more conserved because it plays additional roles that are mediated through protein-protein interactions. To investigate this possibility, we searched for proteins interacting with BT2 in maize endosperm. Formaldehyde was used to crosslink associated proteins in maize endosperm cells using methodology described elsewhere (Hall and Struhl, 2002; Rohila et al., 2004) . Cross-linking with formaldehyde traps the BT2 protein into a complex of ;250 kD ( Figure 4A ). Purification of BT2 from maize endosperm by a monoclonal BT2 antibody column shows that SH2 is the major protein that interacts with BT2 ( Figure 4B ) as verified by protein gel blot analysis using a polyclonal SH2 antibody (data not shown). The extra proteins that are copurified with BT2 either interacted directly with BT2 or AGPase or they were cross-reaction products with the monoclonal BT2 antibody column ( Figure 4B ). To distinguish among these possibilities, the same monoclonal BT2 antibody column was used to purify cross-linked proteins from the developing endosperm of bt2-7410, a bt2 knockout mutant that has undetectable amounts of BT2 . Six of the eight extra proteins purified from the wild type were also purified from bt2-7410 ( Figure 4B ). This indicates that these extra proteins are a crossreaction product with the BT2 antibody column rather than BT2 or AGPase interacting proteins. The remaining two extra proteins purified from the wild type, but not bt2-7410, are SH2/BT2 polymers since they hybridize to both SH2 and BT2 antibodies 
X f is the probability that a nonsynonymous mutation abolishes AGPase activity. Positive clones exhibit some glycogen production as judged by iodine staining. Average X f ¼ mean 6 2 3 SE. Clones with insertions or deletions, stop codons, or lacking nonsynonymous mutations were excluded.
(data not shown). These results show that SH2 is the only protein interacting with BT2 in endosperm. They also suggest that the AGPase small subunit is unlikely to have additional functions mediated by protein-protein interactions.
Tissue Specificity and Gene Number as a Cause of the Greater Evolutionary Constraints on AGPase Small Subunit
The timing of gene duplications giving rise to tissue-specific isoforms differed dramatically for the two subunits (Hannah et al., 2001) . At least one duplication of the large subunit occurred before the monocot-eudicot separation, while small subunit duplications occurred after this divergence. The original small subunit duplications appear to have occurred independently in monocots and eudicots and after their evolutionary separation.
The number of successful duplication events also appears to differ for the two subunits. Perusal of the rice (Oryza sativa), Populus (Populus trichocarpa), and Arabidopsis thaliana completed genomes suggests that the large subunit genes underwent more successful duplications than did the small subunit genes. The Arabidopsis genome contains a single functional gene for the AGPase small subunit but four genes for the large subunit (Crevillen et al., 2003 (Crevillen et al., , 2005 , rice contains two small subunit genes and four large subunit genes (Akihiro et al., 2005; Ohdan et al., 2005) , and Populus apparently has one small and six large subunit genes (Tuskan et al., 2006) . Three large subunit genes and one small subunit gene have been isolated from tomato (Solanum lycopersicum) and potato (La Cognata et al., 1995; Park and Chung, 1998) . The major small subunits in barley (Hordeum vulgare) endosperm and leaves (Thorbjørnsen et al., 1996; Johnson et al., 2003; Rosti et al., 2006) are encoded by a single gene that is alternatively spliced, while the interacting large subunits are encoded by different genes. Expression patterns and functional characterization of large and small subunits from tomato, potato, barley, rice, and Arabidopsis indicate that large subunits are more tissue specific than are small subunits (La Cognata et al., 1995; Park and Chung, 1998; Akihiro et al., 2005; Crevillen et al., 2005; Ohdan et al., 2005; Rosti et al., 2006) . Taken as a whole, these results strongly suggest that the large subunit genes, in comparison to small subunit genes, underwent more successful duplications that were then followed in some cases by subfunctionalization in their expression pattern.
There is ample evidence that broadly expressed genes are more conserved than are tissue-specific genes in plants and mammals (Duret and Mouchiroud, 2000; Akashi, 2001; Wright et al., 2004) . Broadly expressed genes, like the small subunit AGPase genes, may have additional constraints because they have a greater impact on fitness and/or because they must function in multiple cellular and subcellular environments (Akashi, 2001) .
As a result of broad expression, the small AGPase subunit must form an enzyme complex with multiple large subunits in multiple cellular environments. This is not the case for the large subunits. If this hypothesis is true, the effect of small subunit nonsynonymous mutations on AGPase activity should depend on the identity of the large subunit. Mutations in the small subunit that are tolerated in a complex with one large subunit may not be tolerated in a complex with a different large subunit. Positive clones exhibit some glycogen production as judged by iodine staining. Negative clones do not exhibit detectable amounts of glycogen as judged by iodine staining. Negative clones produced 3 to 4% or less glycogen compared with the wild type. Partially stained clones, classified as positive in this experiment, produced 5 to 40% glycogen compared with the wild type. Two samples (approximate sample size of 16 to 20 clones) from the second Sh2 and Bt2 libraries were used for calculating X f . X f is the probability that a nonsynonymous mutation reduces AGPase activity.
To test one aspect of this hypothesis, we randomly selected 20 Bt2 variants that function with the SH2 protein and expressed them in E. coli with the wild-type maize embryo large subunit (Agplemzm) Giroux et al., 1995) . Resulting glycogen was measured and compared with the glycogen produced by cells expressing wild-type Bt2 with Sh2 and wild-type Bt2 with Agplemzm, respectively. Cells expressing wild-type Bt2 with Sh2 and wild-type Bt2 with Agplemzm produce approximately equal amounts of glycogen (data not shown). Approximately 25% of Bt2 mutants result in significantly different amounts of glycogen depending on the large subunit partner ( Figure 5A ). Staining of two variants is also shown ( Figure  5B ). These results indicate that the effect of some amino acid changes in the small subunit on AGP activity depends on the interacting large subunit.
To further test the hypothesis that the small subunit is more constrained because of broad tissue expression, we perused the evolutionary relationships of AGPase subunits from the sequenced unicellular green algae Chlamydomonas reinhardtii, Ostreococcus tauri, and Ostreococcus lucimarinus. There is one major large and one small AGPase subunit in C. reinhardtii (Zabawinski et al., 2001) . This is most likely the case in O. tauri (Ral et al., 2004) and O. lucimarinus since a third gene homologous to an AGPase subunit in these genomes shows very low identity (;31%) to the large and small subunits from the respective organisms. Additionally, alignment of the divergent Ostreococcus AGPase homologs to AGPase subunits from angiosperms, algae, and bacteria shows that residues conserved in all AGPase subunits are not conserved in these extra subunits (data not shown).
In support of the hypothesis that the greater conservation reflects the existence of multiple large subunit genes and/or broad patterns of expression, the large and small subunits in these green algae show similar levels of sequence conservation (see Supplemental Table 5 online). Indeed, the small subunit in these algae evolved more rapidly than did the small subunit in plants and at the same rate as the large subunit of the algae (Figure 6 ). It should be noted that the rate of evolution of nuclear genes in green algae and in angiosperms is comparable based on small and large subunit rRNA (Van de Peer et al., 1996; Ben Ali et al., 2001 ) and proteins such as the elongation factor 1a, actin, a-tubulin, and b-tubulin (Baldauf et al., 2000) . Hence, the most parsimonious explanation for the faster evolution of the small subunit in algae is that it has fewer constraints in algae than it does in angiosperms.
It is also possible that constraints on the AGPase subunits depend on the identity of tissue(s) of expression. Interestingly, large subunits expressed primarily in leaves have lower v values than do large subunits expressed in monocot seed ( Figure 2C ). Further support for more evolutionary pressure on subsets of AGPase genes comes from analysis of a recent duplication of a small subunit maize gene. While rice, barley, and probably wheat (A) Formaldehyde cross-linking of BT2. Total proteins were extracted from maize endosperm with or without prior formaldehyde treatment. Extracted proteins were probed with a monoclonal BT2 antibody following SDS-PAGE. F, formaldehyde treatment before protein extraction.
(B) SDS-PAGE of proteins from bt2-7410 (a bt2 loss-of-protein mutant) and wild-type maize endosperm bound to a monoclonal BT2 antibody column. Formaldehyde cross-linking was performed on maize endosperm before protein extraction. Formaldehyde cross-linking was reversed by heating (958C for 20 min) after column purification and before loading the purified proteins on the gel. M, marker. White arrows point to proteins purified from both the wild type and bt2-7410. Black arrows point to proteins purified only from the wild type.
(Triticum aestivum) have one small subunit gene expressed in both leaves and endosperm, maize has one small subunit gene specific for endosperm and one specific for leaves (Fuchs, 1977; Prioul et al., 1994) . These two maize isoforms were created by recent gene duplication. A model that assumes a separate v value for each branch of the gene tree whose topology is shown in Supplemental Figure 3 online is favored over a model that assumes one v for the whole tree (LRT; P < 0.01). Data presented in Supplemental Figure 3 online suggest that following duplication, the maize leaf isoform (Z. mays 2) evolved slower than did the maize endosperm isoform (Bt2). Also, both isoforms appear to have evolved faster following duplication (see Supplemental Figure 3 online). These data are in accord with the idea that tissue identity influences the rate of evolution of both the large and the small subunits of AGPase. Expression in multiple tissues then would compound the various selection pressures of the various tissues.
DISCUSSION Differential Constraints on the Small and Large AGPase Subunits and Robustness to Activity-Altering Amino Acid Changes
We focused on the cause of the different sequence conservation exhibited by the two subunits of angiosperm AGPase. Substantially greater sequence divergence is found among large subunits vis-à -vis small subunits. Here, we show that the difference in sequence divergence between the large and small AGPase subunits is due to different evolutionary constraints rather than different paths of gene evolution. One proposed explanation for the differences in sequence conservation is the conjecture that the two subunits play different roles in enzyme catalysis. It has been proposed that the small subunit is catalytic and, accordingly, more constrained in amino acid substitutions compared with the principally regulatory large subunit. This model predicts that random nonsynonymous mutations in the small subunit have a greater probability of disrupting AGPase activity compared with random nonsynonymous mutations in the large subunit.
Two independent mutagenesis studies were used to test whether the large subunit is more robust to mutations than is the small subunit in terms of AGPase activity. The first experiments revealed that random, nonsynonymous mutations in either subunit have the same probability of altering AGPase activity. Approximately one-third of missense mutations reduced glycogen content to ;4% wild-type levels. In the second series of experiments, only functional clones were selected and the frequencies of nonsynonymous and synonymous mutations were determined. If random, nonsynonymous mutations were tolerated at a higher frequency in Sh2, then we would expect a higher nonsynonymous/synonymous ratio for Sh2 compared with Bt2. By contrast, we observed the same ratio for both genes.
The conclusion from both sets of experiments is that the probability that a nonsynonymous mutation affects AGPase activity is the same for both the large subunit and the small subunit of AGPase when expressed in one common environment with one complementary partner. This indicates that different roles of the large and small subunits in AGPase activity, if they exist, cannot account for the increased evolutionary constraints placed on the plant small subunit. This is also supported by the fact that in green unicellular algae the large subunit and small subunits evolve at similar rates.
Roles of the Large and Small Subunits in AGPase Activity
The proposition that the small subunit is catalytic and the large subunit is involved in regulation is based on three observations. The first is that mutations of some small subunit residues presumably involved in catalysis had greater effect on activity compared with mutants in cognate sites in the large subunit (Fu et al., 1998; Frueauf et al., 2003) . The second observation is that the small subunit had activity as a homotetramer, while the large subunit did not (Ballicora et al., 1995) . Finally, the small subunit shows more sequence conservation than the large subunit. The first observation has been challenged by biochemical studies (Hannah and Nelson, 1976; Cross et al., 2004 Cross et al., , 2005 Hwang et al., 2006 Hwang et al., , 2007 . Mutations in the large subunit affect catalytic properties and allosteric ones. With regard to the second observation, it should be noted that activity arising from large subunit homotetramers can be seen in the data of Burger et al. (2003) and Iglesias et al. (1993) . While activity arising from a large subunit homotetramer is not universally accepted, the lack of activity of a large subunit homotetramer does not show that the large subunit is not catalytic in a heterotetramer.
The third observation, that the small subunit is more evolutionarily conserved than is the large subunit because the small subunit participates in catalysis whereas the large subunit simply modulates regulation, predicts that we should have found more missense mutations affecting activity in the small subunit (compared with the large subunit). By contrast, we found that both proteins were equally predisposed to activityaltering missense mutations. Taking into account the biochemical studies showing that both subunits are important for catalytic and allosteric properties, we believe the simplistic separation of subunit roles to catalytic and allosteric modules is no longer tenable.
Alternative Hypotheses Explaining the Shift in Selective Constraints on the Large and the Small Subunits in Angiosperms
Because both subunits exhibit equal constraints on amino acid sequence when both subunits are expressed in one common environment with a complementary subunit, other explanations must account for the differences in amino acid substitution rates. We considered the possibility that the small subunit plays biological roles separate from its function as an AGPase subunit. Here, we show that SH2 was the only protein that interacted with the BT2 protein in the maize endosperm. Thus, there is no evidence showing that BT2 has functions separate from interacting with SH2 to form an active AGPase.
Several lines of evidence reviewed above suggest that there are fewer copies of small subunit genes than large subunit genes and that small subunit genes have a broader expression profile compared with large subunit genes. Accordingly, evidence that broadly expressed genes evolve at a slower rate than do tissuespecific genes (Duret and Mouchiroud, 2000; Akashi, 2001; Wright et al., 2004 ) is relevant. Investigations of various gene families showed that genes encoding broadly expressed proteins evolve more slowly than genes with narrow expression profiles (Hastings, 1996; Schmidt et al., 1997) . This may reflect a larger fitness effect of mutations that impair gene function in many different tissues or it may reflect more constraints on proteins expressed in multiple biochemical environments (Akashi, 2001) . Our studies are consistent with the small subunit having more constraints because it functions in multiple cellular environments and polymerizes with different large subunits.
Although the small subunit does not have interaction partners other than the large subunit, the existence of multiple large subunits that interact with a single small subunit makes the correlation between numbers of interaction partners and conservation relevant (e.g., Fraser et al., 2002) . The relationship between conservation and numbers of interaction partners is complex (Jordan et al., 2003) , making it difficult to predict a priori whether interaction with multiple paralogous large subunits provides additional constraints. However, when we asked whether BT2 variants that function with the SH2 protein also function with another wild-type large subunit isoform, we found that 25% of randomly selected BT2 variants interact differently with the second large subunit. This provides empirical evidence that large subunit-small subunit interactions differ based on the large subunit involved and indicates that the E. coli experiments did not consider all mutations that are relevant in planta. This reflects the fact that mutations that are deleterious in only one of the various complexes could reduce the fitness of the organism and be eliminated by natural selection.
The hypothesis that tissue specificity and the need to interact with multiple large subunits constrains evolution of the small The topology of the tree was determined by ML using aligned amino acid sequences analyzed by PhyML. The length of the branches reflects numbers of amino acid substitutions per site estimated using the DayhoffþG model of sequence evolution. ML bootstrap values are indicated below branches, and the bar shows the number of amino acid substitutions per site. subunit is also supported by the fact that the small subunit evolved as rapidly as the large subunit in unicellular algae C. reinhardtii, O. tauri, and O. lucimarinus and that the evolution of the small subunit was considerably faster in these algae than it was in angiosperms. Since there is a single cell type in these algae (although it can undergo developmental changes) and there is likely to be a single large subunit, one would predict that the evolutionary rates for the large and small subunits would be identical in these organisms. This is precisely what was observed. If different constraints in evolution of the small and the large subunits were due to different roles in AGPase catalysis, we would expect to see different conservation between the small and the large subunit in algae. The fact that the small subunit in unicellular green algae evolved considerably faster than its homologs in multicellular angiosperms suggests that multiple environments, including multiple large subunit partners in angiosperms, constrain the evolution of the small subunit.
Finally, an additional reason for greater large subunit sequence divergence is partial redundancy. Akihiro et al. (2005) and Crevillen et al. (2005) showed that expression patterns of some large subunits partially overlap. Even though genetic studies showed that one large subunit (APL1) is of major importance in Arabidopsis leaves (Lin et al., 1988) , other large subunits (APL3 and APL4) may also contribute to leaf AGPase activity. Indeed, trehalose-induced APL3 expression complemented an APL1 knockout mutant (adg2) (Fritzius et al., 2001) . Consistent with this model, the angiosperm large subunits evolve slightly faster than the large subunit from the unicellular green algae. While there is one major large subunit in the investigated unicellular algae, there are multiple large subunits in the angiosperms. This may accelerate large subunit evolution due to partial redundancy.
Overall, this study shows that the higher conservation in the small subunit than the large subunit of AGPase is due to greater evolutionary constraints on the small subunit. We also show that the large and the small subunits of AGPase are equally tolerant to nonsynonymous mutations with respect to enzyme activity when expressed with a single partner in a common cellular environment. This implies that both subunits are equally important for the structure and function of AGPase. While we cannot formally exclude the possibility that subtle (and as yet unknown) differences distinguish the mechanism AGPase catalysis of the maize enzyme in E. coli versus in the maize endosperm, we suggest that the difference in evolutionary rates of sequence divergence in angiosperms is caused by the different number of genes encoding the small and large subunits of AGPase. The detailed analyses in focused studies like this one complement large-scale bioinformatics studies (e.g., Wolf et al., 2006) and suggest that comprehensive examination of other paralogs exhibiting different degrees of sequence conservation will prove useful.
METHODS
Random Mutagenesis
Mutations were introduced into Sh2 and Bt2 by PCR random mutagenesis (GeneMorph II EZClone domain mutagenesis kit; Stratagene). A mixture of nonbiased, error-prone DNA polymerases was used to introduce point mutations. Wild-type Sh2 and Bt2 coding sequences in pMONcSh2 and pMONcBt2 (Giroux et al., 1996) , respectively, were used as templates for PCR. Two pairs of primers (Sh2, 59-GAAGGAGATAT-ATCCATGG-39 and 59-GGATCCCCGGGTACCGAGCTC-39; Bt2, 59-GAA-GGAGATATATCCATGG-39 and 59-GTTGATATCTGAATTCGAGCTC-39) flanking Sh2 and Bt2 were used for error-prone PCR. Mutant sh2 clones produced by PCR were subcloned into vector pMONcSh2 according to Stratagene protocols. pMONcSh2 was then used to transform Escherichia coli strain AC70R1-504 that contained wild-type Bt2 in the compatible vector pMONcBt2. Mutant bt2 clones produced by PCR were subcloned into vector pMONcBt2. pMONcBt2 was then used to transform E. coli strain AC70R1-504 that contained wild-type Sh2 in the compatible vector pMONcSh2.
Bacterial Expression System
A bacterial expression system (Iglesias et al., 1993) allowed us to randomly mutagenize maize (Zea mays) endosperm AGPase genes and score AGPase activity in an efficient way. The E. coli system is ideal for analyzing plant AGPases for two reasons. First, compared with the enzyme from the host tissue, E. coli-expressed plant AGPases exhibit virtually identical kinetic and allosteric properties (Iglesias et al., 1993; Boehlein et al., 2005) . Second, mutations affecting both kinetic and allosteric properties and heat stability of plant AGPases were isolated in E. coli Greene and Hannah, 1998; Laughlin et al., 1998; Kavakli et al., 2001; Cross et al., 2004; Meyer et al., 2004; Boehlein et al., 2005) .
Glycogen Detection
Glycogen synthesis was detected by production of brown staining colonies following a 2-min exposure to iodine vapors. E. coli cells were grown on Luria broth media in the presence of 75 mg/mL spectinomycin, 50 mg/mL kanamycin, and 2% (w/v) glucose. Iodine staining provided a fast and convenient means to identify active and inactive AGPases. Colonies with inactive AGPase produced no color following contact with iodine vapors, while active AGPase produced glycogen and, in turn, brown staining with iodine.
Glycogen Quantitation
Glycogen quantitation of AGPase mutants was performed by phenol reaction (Hanson and Phillips, 1981) . In brief, glycogen was extracted from E. coli cells (OD 600 ¼ 2.0) grown in Luria broth containing 2% (w/v) glucose by boiling for 3 h in 50% (w/v) KOH. Glycogen was then precipitated by adding ethanol to 70% (v/v) and centrifuging at 10,000g for 10 min. After pellet drying, 200 mL of deionized water, 200 mL of 5% (w/v) phenol, and 1 mL of concentrated sulfuric acid were added. Glycogen was estimated by the absorbance at 488 nm.
DNA Sequencing
Five hundred and seventy six sh2 and bt2 mutants were double-pass sequenced by the Genome Sequencing Services Laboratory of the Interdisciplinary Center for Biotechnology Research at the University of Florida. Data analysis was performed by Bioedit software (Hall, 1999) .
Classification of Amino Acid Changes (Conservative and Nonconservative)
BLOSUM62 matrix was used for determining conservative and nonconservative amino acid changes (Henikoff and Henikoff, 1992) . Amino acid changes that were given a positive or neutral score by the BLOSUM62 matrix were considered conservative (Cargill et al., 1999) . Amino acid changes that were given a negative score were considered nonconservative.
Sequence Retrieval and Alignment
We retrieved all full-length plant large and small subunits from the National Center for Biotechnology Information database. The AGPase isoforms of Populus trichocarpa were obtained from the U.S. Department of Energy Joint Genome Institute (http://genome.jgi-psf.org/ Poptr1_1/ Popt r1_1.home.html) by a tBLASTn search using BT2 and SH2 as queries. The AGPase isoforms of Chlamydomonas reinhardtii, Ostreococcus tauri, and Ostreococcus lucimarinus were obtained from the Joint Genome Institute (http://genome.jgi-psf.org/Chlre3/Chlre3.home.html, http://genome.jgi-psf.org/Ostta4/Ostta4.home.html, and http://genome. jgi-psf.org/Ost9901_3/Ost9901_3.home.html) either as annotated sequences or by tBLASTn searches. Alignments of 31 full-length small subunits sequences and 43 full-length large subunits sequences were obtained using the BIOEDIT software (Hall, 1999) with BLOSUM62 matrix followed by manual inspection of the resulting alignments. The poorly aligned N termini (;50 amino acids) of both the large and the small subunits were excluded from alignment. Pairwise identity was estimated using BIOEDIT and the IDENTITY matrix.
Phylogenetic Analysis
Maximum likelihood (ML) estimates of gene trees were obtained using nucleotide data and GARLI (Genetic Algorithm for Rapid Likelihood Inference) software (Zwickl, 2006) . These analyses used the default General Time Reversible model of sequence evolution (Yang, 1994) and accommodating among-sites rate heterogeneity by assuming some sites are invariant and the rates at the remaining sites are G (gamma) distributed (Gu et al., 1995) . Bootstrap values (Felsenstein, 1985) were also calculated by GARLI using 100 replicates. Branch lengths based on amino acid changes were estimated using AAML, which is part of the PAML (Phylogenetic Analysis by Maximum Likelihood) package (Yang, 1997) , using the Dayhoff (PAM) empirical model (Dayhoff et al., 1978) with G distributed rates. Nonsynonymous to synonymous substitution ratios (v) for the large and small subunit coding sequences were estimated using CODEML, distributed with the PAML package. ML estimates of phylogenetic trees using amino acid sequences were obtained using the rapid search algorithm implemented in PhyML (Guindon and Gascuel, 2003 ) and the Dayhoff model with G distributed rates, and the same program was used to estimate bootstrap support using 100 replicates.
BT2 Purification
Formaldehyde cross-linking of proteins associated in maize endosperm cells was done according to a modified protocol described by Rohila et al. (2004) . In brief, developing maize endosperm harvested 18 d after pollination and stored at À808C were cut into small pieces and treated with 2% (w/v) formaldehyde in ice-cold PBS buffer for 4 h. Cross-linking was quenched by addition of 2 M glycine for 1 h. Total proteins were then extracted as described by Boehlein et al. (2005) . A BT2 monoclonal antibody column described by Boehlein et al. (2005) was used to purify BT2 along with associated proteins. The purification products were run on a 7.5% SDS polyacrylamide gel (þDTT) and visualized by staining with Coomassie Brilliant Blue (Laemmli, 1970) .
Construction of the pMONcAgplemzm Expression Vector
To construct pMONcAgplemzm, a pUC-based cDNA clone, originally termed pcAgp1 , of the AGP large subunit from maize embryo was used as template. To remove an SstI site from this clone, two PCR amplifications resulting in two overlapping products were performed. The resulting PCR products were combined and used as template to PCR amplify the complete Agplemzm coding sequence without the transit peptide. Length of the transit peptide (47 amino acids) was determined using the ChloroP 1.1 server. A primer was designed to place the ATG start codon and GCC alanine codon (to form an NcoI site for cloning) 59 of base 330 of the Agplemzm sequence. The primers designed to amplify the 59 and 39 ends of the insert were GGGGCCA-TGGCCTTCAGTGCAAGGGGTGCTGTG and CCCCGAGCTCACTATAT-GACGGTGCCGTCCTTG, respectively. The primers designed for mutation of the internal SstI site were CGCCTAAACTCTGGATGCGAACTCAA-GAATACCATGATGATGGG and its reverse complement. Vent DNA polymerase was used in the first amplification, and Taq DNA polymerase was used in the second amplification. Products were purified using Millipore's Montage-PCR filter units after each amplification. The final purified product was digested with NcoI and SstI and ligated into the pMONcSh2 vector, and the resulting plasmid insert was confirmed by sequence analysis.
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